BH3-only proteins are members of the Bcl-2 family that play crucial roles in embryogenesis and the maintenance of tissue homeostasis by triggering apoptotic cell death. The BH3-only protein Bim is critical for developmental apoptosis of lymphocytes, securing establishment of tolerance and for the termination of immune responses. Bim is believed to act in concert with other BH3-only proteins or members of the tumor necrosis factor receptor (TNF-R) family in getting rid of unwanted cells. Bmf, a related BH3-only protein, was shown to play a role in B cell homeostasis and to mediate cell death in response to certain apoptotic triggers, including glucocorticoid, histone deacetylase inhibitors or overexpression of the c-Myc proto-oncogene. Here we show that Bim and Bmf have overlapping functions during mouse development and co-regulate lymphocyte homeostasis and apoptosis in a nonredundant manner. Doubly-deficiency of Bim and Bmf caused more B lymphadenopathy than loss of either BH3-only protein alone, and this was associated with autoimmune glomerulonephritis and a range of malignancies in aged mice. Thus, our results demonstrate that Bim and Bmf act in concert to prevent autoimmunity and malignant disease, strengthening the rational for the development of BH3-only protein mimicking therapeutics for the treatment of such disorders.
Introduction
The mitochondrial apoptosis pathway is orchestrated by the interactions between pro-and antiapoptotic members of the Bcl-2 protein family, where pro-apoptotic members of the "BH3-only" protein subgroup induce cell death by neutralizing anti-apoptotic members and/or by activating Bax and/or Bak directly to trigger mitochondrial outer membrane permeabilization and subsequent caspase activation (1) .
The roles of individual BH3-only proteins in normal physiology and stress-induced apoptosis have been addressed by gene targeting studies in mice. Notably, only loss of Bim appears to exert certain non-redundant functions during embryogenesis because loss of the gene causes the death of about half of Bim -/-embryos prior to E10 (2) . Although no other single BH3-only mutant mouse strain shows developmental abnormalities, studies investigating mice lacking Bim plus one additional BH3-only protein demonstrate that Bim frequently acts in concert with a subset of BH3-only proteins in a cell type-and context-dependent manner. For example, Bim -/-Bik -/-males have severe defects in spermatogenesis whereas males lacking either protein are fully fertile (3) . Of note, Bim -/-Puma -/-mice develop severe lymphadenopathy that exceeds the one observed in the absence of Bim, although Puma -/-mice have normal leukocyte numbers (4, 5) . Importantly, BH3-only proteins also exert conserved functions in humans and deregulation of their expression, most frequently that of BIM, has been documented in different solid as well as hematopoietic malignancies (6) where reduced expression correlates with increased disease risk (7) while single nucleotide polymorphisms have been associated with impaired responsiveness to frontline anti-cancer therapies (8, 9) .
We have previously shown that loss of the BH3-only protein Bmf renders mouse embryonic fibroblasts and different lymphocyte subtypes refractory to apoptosis triggered by the inhibition of PI3-kinase, impaired CAP-dependent protein translation, glucocorticoids or histone-deacetylase (HDAC)
inhibitors (10, 11) . Furthermore, loss of Bmf accelerates c-Myc driven B lymphomagenesis in mice (12) . Notably, Eu-MycBmf -/-lymphomas proved to be refractory to the effects of combined treatment of HDACi and the BH3-mimetic ABT-737 (13) . Interestingly, Bmf expression was found lost or strongly reduced in primary Burkitt's lymphoma samples and cell lines, in which it could be restored by 5´Aza-cytidine treatment (12) . Furthermore, together with BIM, BMF is defined as a primary response gene in glucocorticoid (GC)-treated children suffering from acute lymphoblastic leukemia (14) and gene deletions were noted in ETV6/RUNX1-positive acute lymphoblastic leukemia (ALL) where its loss may contribute to GC resistance during relapse (15) .
In support of functional overlap between Bim and Bmf, some of the effects noted in the absence of Bmf were also previously observed in cells from Bim -/-mice as well as in human cancer cells lacking BIM expression (6) . In addition, both proteins co-regulate hematopoietic stem cell dynamics and reconstitution potential in mice and this role seems conserved in humans (16) . Furthermore, Bim and
Bmf share a conserved motif near their N-termini that allows interaction with cytoskeletal dynein light chain proteins, suggesting similar regulation (17) .
Here, we have investigated the short-and long-term consequences of combined deficiency for
Bim and Bmf in double-mutant mice.
Methods & Materials:
Generation of Bim -/-
Bmf -/-mice
All animal experiments were performed according to the guidelines of the Austrian legislation and approved (BMWF-66.011/0165-II/3b/2010). The generation of Bmf -/-, Bim -/-and Vav-Bcl-2 transgenic mice has been described (2, 11, 18) . All mice were maintained on a C57BL/6J genetic background.
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Cell culture and reagents
Cells were cultured in DMEM (PAA), 10% FCS (PAA), 2 mM L-glutamine (Gibco), 50 µM 2-mercaptoethanol, 1 x non-essential amino acids (Gibco), 1 x penicillin/streptomycin (Sigma), 10 mM HEPES and sodium pyruvate (Gibco). Reagents used to induce cell death can be found in the supplementary information online.
Antibodies used for flow cytometric analysis and cell sorting
Single cell suspensions were surface-stained with monoclonal antibodies conjugated with fluorescein isothiocyanate (FITC), R-phycoerytherin (PE), PE-Cy7, allophycocyanin (APC) or biotin (Molecular Probes). Antibodies and their specificities can be found in the supplementary information online.
Quantification of total immunoglobulin and autoantibody levels
Ig-titers in the serum from 8-12 week old mice were quantified using an Ig clonotyping system (Southern Biotech). 6-8-week-old mice were injected i.p. with NP-OVA (100 µg/mouse adsorbed to Alum) to induce a T cell-dependent immune response. To determine the titers of antibodies against 4-hydroxy-3-nitrophenylacetyl (NP) the antigen conjugated to BSA (Biosearch Technologies) was coated on ELISA plates. Serum samples were used in a dilution range from 1:800 -1:1600. Anti-ds DNAspecific antibodies were detected as described (11) .
Preparation of histological sections
Organs were fixed in 4% paraformaldehyde in PBS, processed according to standard procedures, and stained in hematoxylin and eosin using standard procedures. For the detection of renal IgG-deposits an anti-IgG-FITC antibody (eBioscience) diluted 1:10 or 1:100 in PBS was used on deparaffinised (xylol/ethanol) kidney sections after Pronase K driven antigen retrieval (0.75mg/ml in TBS pH 7.6, 60 min at 37°C). Sections were embedded in Vecta Shield TM prior microscopic inspection using a Zeiss Axiovert Fluorescence microscope.
Statistical analysis
Statistical analysis was performed using the unpaired Fig. 2A) . As noted before, thymic cell subset composition was comparable between wt and Bmf -/-mice (11) and mice of all genotypes displayed no significant differences in total thymic cellularity (Table 1) .
To investigate possible non-redundant functions of Bim and Bmf in stress-induced apoptosis, sorted DP thymocytes from wt, Bim -/-, Bmf -/-and DKO animals were placed in culture without further treatment (spontaneous death) or were exposed to γ-radiation, the calcium ionophore ionomycin, the DNA-damage-inducing drug etoposide/VP16, the glucocorticoid dexamethasone, the broad-spectrum kinase inhibitor staurosporine, the glycosylation-inhibitor and ER-stressor tunicamycin, the histonedeacetylase inhibitors trichostatin A, m-carboxycinnamic acid bis-hydroxamide (CBHA), suberoylanilide hydroxamic acid (SAHA/Vorinostat TM ), or FasL (Fig. 2B , not shown).
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Spontaneous death was mainly Bim-dependent, as was death induced by ionomycin or staurosporine (Fig. 2B) . Apoptosis triggered by DNA damage or FasL were not affected by either single or combined loss of Bim and Bmf (Fig. 2B, not shown) . Notably, in mature T cells, apoptosis resistance was strictly associated with loss of Bim. Additional loss of Bmf failed to enhance resistance towards spontaneous death, or death induced by dexamethasone, CBHA or staurosporine that was afforded by loss of Bim.
Apoptosis triggered by ER stress, DNA damage or proteasome inhibition occurred normally in T cells from mice of all genotypes examined (Fig. S2 ).
Bim and Bmf co-regulate B lymphopoiesis
We next quantified the numbers of pro-B, pre-B and immature B cells in the bone marrow from wt, Bim -/-, Bmf -/-and DKO mice. The numbers of pro-B and pre-B cells were comparable in mice of all genotypes examined with the exception of a minor but significant increase in pro-B cells in DKO mice (Table 1) . However, double-deficiency failed to delay spontaneous cell death of pro-B cells in culture (not shown), consistent with barely detectable protein expression in these cells (19) . In contrast, when pre-B cells that express significant amounts of both proteins (19) were placed in culture and apoptosis was followed over time, we noted a significant delay of death in the absence of Bim. Additional loss of Bmf further augmented this resistance to spontaneous cell death in culture, although this effect was not very pronounced (Fig. 3A) . In the presence of IL-7, double-deficient pre-B cells did not show increased survival, suggesting that they are largely factor independent ( (Table 1) .
Combined loss of Bim and Bmf causes enhanced B cell lymphadenopathy
Assessment of splenic cellularity in Bim -/-Bmf -/-mice revealed a near 4-fold increase when compared to wt animals ( Fig. 4A , Table 1 Spontaneous cell death of follicular B cell and plasma cells/plasmablasts was again exclusively dependent on Bim (Fig. 5E,F) .
Combined loss of Bim and Bmf favors development of λ light-chain secreting plasma cells
In order to investigate possible consequences of the B cell excess in Bim -/-Bmf -/-mice, we measured serum Ig levels in unchallenged mice and in animals immunized with a T cell dependent antigen. Serum Ig levels were significantly elevated in DKO mice compared to the levels found in single mutant or wt animals (Fig. 6A) . Remarkably, we observed a pronounced increase in the levels of λ light-chain containing immunoglobulins, leading to a shift in the kappa/lambda ratio in the sera of DKO mice. This phenomenon may be due to an increased frequency of rearrangements at the lambda However, quantification of anti-nuclear autoantibodies by ELISA revealed, as previously reported (2), increased levels in the absence of Bim but no further increase due to additional loss of Bmf (Fig. 6B ).
In line with the increased overall Ig titers, IgG deposits were detected in the kidneys of aged Bim -/-and DKO mice. Kidney sections from Vav-Bcl2 transgenic animals served as positive control (Fig. 6C ).
Immunization with the T cell-dependent antigen, NP-OVA, caused increased antigen-specific Ig titers in Bim deficient mice, as previously reported (21); this was, however, not increased significantly further by additional loss of Bmf (Fig. S5 ).
Combined loss of Bim and Bmf function causes premature lethality
In order to investigate whether the severe lymphadenophathy and increased Ig titers observed in (Fig. S6 ). Other signs of autoimmunity included vasculitis and insulitis that were sometimes also found to occur simultaneously to glomerulonephritis in these mice (Fig. 7B) .
Further histopathological assessment revealed that a significant portion of mutant mice showed signs of malignant disease (Fig. S7) carcinomas were also observed and seemed to preferentially be associated with loss of Bmf, but occurred at too low a frequency to yield a statistically significant correlation (Fig. 7C ).
When comparing disease-free survival according to genotype and type of disease, i.e. autoimmunity (Fig. S6) vs. tumors (Fig. S7) DKO, p=0.0423) and this was mainly associated with autoimmune kidney disease as verified by histopathology (not shown).
Discussion
Our results support a prominent overlapping role for Bim and Bmf during developmentally programmed apoptosis of inter-digitating mesenchymal cells (Fig. 1) , a process that depends on bone morphogenic proteins as well as retinoic acid-mediated signaling (22 actually observed abnormally reduced percentages and numbers of DP thymocytes in mice lacking Bim or Bim plus Bmf. We attribute this inconsistency either to a gender bias, excluded in our study, and/or to the more narrow age range of the animals analyzed here (Table 1) .
Previous studies using primary mouse lymphocytes or certain human cancer derived cell lines demonstrated that different anti-cancer drugs require Bim or Bmf for efficient cell killing (6). We observed that combined loss of Bim and Bmf rendered thymocytes, pre-B and to a minor extent also mature B cells, but not mature T cells, more resistant to glucocorticoids or HDACi compared to cells lacking Bim alone (Fig. 2, Fig. S3 ). This finding fits the rather poor expression of Bmf in mature T cells (19) . Notably, lymphocytes lacking Bim and Puma do show a much broader spectrum of resistance phenotypes and are refractory to cytokine withdrawal, DNA-damage, ER-stress, pan-kinase inhibition or glucocorticoid treatment (4 These findings may become important considering application of such drugs for therapy in humans as loss or reduced expression of these BH3-only protein has been documented in several cancers, including Burkitt's lymphoma (12, 29) , mantle cell lymphoma (29) or renal cell carcinoma (30) .
Furthermore, an intronic polymorphism in the human BIM gene was shown to impair responses of CML and non-small cell lung cancer to inhibitors of oncogenic kinases (8) . It will be interesting to test whether these SNPs can also impair the responses of cancer cells to glucocorticoid treatment or HDAC inhibition. Although loss or mutations in BMF have so far not been reported to contribute to drug resistance in human cancers, c-Myc driven murine B cell lymphomas depend selectively on Bmf to efficiently undergo apoptosis upon Vorinostat (SAHA) plus ABT-737 combination therapy (13) .
Increased resistance of DKO thymocytes and pre-B cells to glucocorticoids is also in line with studies that showed that both BIM and BMF are induced early in response to glucocorticoids in childhood ALL and constitute a predictor of therapeutic outcome (14, 15) . Of note, loss of BMF appears to be a recurrent event in childhood ALL carrying ETV6/Runx-1 translocations where it also associates with glucocorticoid resistance during relapse (15) . Hence, functional availability of both BH3-only proteins appears critical for therapeutic response and supports the concept of mimicking their action pharmacologically in cases where these genes are repressed.
Consistent with the B lymphadenopathy observed in Bim
-/-Bmf -/-mice, we noted that developing pre-B cells became independent of their key survival cytokine, IL-7 (Fig. 3) . This suggests that Bim and Bmf exert critical roles in apoptosis as part of checkpoints during Ig-gene rearrangement.
Accordingly, loss of Bim can partially rescue developing B cells in the bone marrow from death caused by the absence of IL-7, although they are unable to proceed further in differentiation (31 (32) . Along that line, we also noted that transitional B cells, which are subject to negative selection based on the specificity of their BCR (20) , were increased in number in Bim -/-Bmf -/-mice when compared to Bim-deficient mice (Fig. 4) and refractory to BCR-ligation mediated apoptosis (Fig. 5 ). Together these observations suggest a possible contribution of Bmf (alongside Bim) to B cell selection that awaits detailed validation in Ig transgenic mouse models. Our long-term follow up of DKO mice that showed increased incidence of autoimmune disease actually supports this hypothesis (Fig. 7 ).
Although DKO mice had significantly increased serum Ig levels compared to Bim -/-mice, no further increase in anti-nuclear antibodies was detected in these animals. We therefore hypothesize that the DKO animals have increased numbers of anergic B cells or that the plasma cells produce mainly low affinity antibodies. Consistent with this notion, immunization with a T dependent antigen revealed no further increase in NP-specific antibody titers in the DKO animals compared to Bim -/-mice (Fig.   S4 ). This suggests that the overall increase in serum Ig levels in the DKO mice (Fig. 6A ) may be due to an increase in Ig production by MZ B cells and/or B1 B cells.
In line with the abnormally high serum Ig levels, our histophathological assessment revealed a significant increase in autoimmune kidney disease incidence in the DKO mice compared to the Bim -/-animals. Although this disease was mainly driven by loss of Bim, it was strongly exacerbated by additional loss of Bmf, in line with its impact on enhanced B cell accumulation and antibody secretion.
This finding is reminiscent of observations made in Vav-Bcl-2 transgenic mice, which also develop severe systemic autoimmune disease even on the relatively non-autoimmune prone C57BL/6 background (33). In contrast, although Bim-deficiency caused fatal autoimmune kidney disease on a mixed C57BL/6x129SV background, disease severity was substantially reduced after backcrossing onto a C57BL/6 background (our study and (34) In conclusion, we demonstrate that Bim and Bmf are essential mediators of developmentally programmed cell death, critical for killing lymphocytes by a range of anti-cancer therapeutics and constitute a barrier against cancer and autoimmunity. This strongly supports the ongoing effort to mimic the function of these proteins by small molecular weight compounds for the treatment of cancer and autoimmune diseases.
For Due to differences in spontaneous cell death in culture, specific drug-induced killing was calculated using the formula (induced apoptosis-spontaneous cell death)/(100-spontaneous cell death) %. Cohorts of mice of the indicated genotypes were followed over 18 month. Mice developing overt signs of illness (cachexia, short breath, fuzzy fur, enlarged lymph nodes or spleen) were sacrificed and organs subjected to histo-pathological assessment in a blinded fashion revealing evidence for autoimmunity as well as tumor formation in a significant portion of double mutant mice. Kaplan-Meier analysis of disease-free survival is shown in (A). 
